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[57] ABSTRACT

A high strength, high toughness Cr-W-V ferritic steel
composition suitable for fast induced-radioactivity
(F IRD) decay after irradiation in a fusion reactor com-
prises 2.5-3.5 wt % Cr, 2.0-3.5 wt % tungsten,
0.10-0.30 wt % V and 0.1-0.15 wt % C. The ferritic -
steel for FIRD nuclear fusion, heat resisting structural
apphcatlons may also contain minor amounts of alloy-

ing elements including 0.003-0.009 wt % B, 0.05-0.15

wt % Ta and 0-0.2 wt % Ti. The ferritic steel for nu-
clear fission and for non-nuclear, heat resisting applica-
tions can, in addition to the above alloying elements,
also include 0-0.5 wt % Mo and 0.05-0.25 wt % Nb.
The alloys are prepared by austenitizing and either

~ normalizing or quenching followed by a low tempera-
ture temper.

20 Claims, 10 Drawmg Sheets
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FIG. 4(a)
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FIG. 4(b)

Uy /4Cr-2WV (Fast cm)
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CR-W-V BAINITIC/FERRITIC STEEL WITH
IMPROVED STRENGTH AND TOUGHNESS AND
METHOD OF MAKING

This mventmn was made with Government support
under contract DE-AC05-840R21400 awarded by the
U.S. Department of Energy to Martin Marietta Energy

Systems, Inc. and the Government has certain rights in
this invention.

FIELD OF THE INVENTION

The present invention relates generally to ferritic

steel alloys and, more specifically, to a high strength,
high toughness Cr-W-V ferritic steel alloy having a
carbide-free acicular bainite microstructure achieved
through the alloy composition and by controlling the
cooling rate from an austenitizing temperature.

BACKGROUND OF THE INVENTION

Ferritic steels are attractive because of low cost, ease
of fabrication, low thermal expansion and good thermal
conductivity, but are limited by high-temperature
strength and low-temperature toughness. For many
modern applications, heat-resisting, structural steel al-
loys are required that have both high strength and high
toughness While it is desirable to produce a steel hav-
ing both characteristics, in practice, the improvement in

one characteristic usually comes at the expense of the

other. Toughness is an intrinsic characteristic mechani-
cal property typically determined by the upper-shelf
energy (USE) and the ductile-brittle-transition tempera-
ture (DBTT) as measured by the Charpy impact test.
The most desirable steels have a high USE and a low
DBTT.

Ferritic steels, and in particular, Cr-Mo steels, have
been proposed for use for the first wall and blanket
structure of nuclear fusion reactors since these steels
have been found to have excellent resistance to radia-
tion-induced void swelling when irradiated in a fast
fission reactor. See, for example, “Chromium-Molyb-
denum Steels for Fusion Reactor First Walls-A Re-
view”, by R. L. Klueh, Nuclear Engineering and Design
72 (1982 North-Holland Pub. Co.); “On The Saturation
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Of The DBTT Shift Of Irradiated 12Cr-1MoVW With 45

Increasing Fluence”, by J. M. Vitek, et al., Journal of
Nuclear Materials 141-143 (1986); and “The Develop-
ment of Ferritic Steels For Fast Induced-Radioactivity
Decay For Fusion Reactor Applications”, by R. L.
Klueh and E. E. Bloom, Nuclear Engineering and De-
sign/Fusion 2 (1985). A critical problem for nuclear
fustion applications for such steels is that various alloy-
ing elements, including molybdenum, nickel, nitrogen,
copper, and niobium, undergo transmutation reactions
caused by irradiation frc_:-m high-energy neutrons cre-
ated by nuclear reactions in a fusion plasma. These

55

elements, when used in alloys to make fusion reactor

components, produce highly radioactive isotopes that
decay over a long period of time. Thus, after the service
ifetime of the reactor, deep geological d1sposal of the
radioactive components becomes necessary.

To simplify waste disposal, new structural materials
known as “low activation” or “reduced-activation” or
“fast induced-radioactivity decay” (FIRD) alloys have
been proposed. Such new alloys should at least meet

65

guidelines issued by the U.S. Nuclear Regulatory Com-

mission (10 CFR Part 61) for shallow land burial, in-
stead of the much more expensive deep geologic dis-

2

posal. Decay to low radloactlwty levels for such FIRD

alloys would occur in tens of years instead of the hun-

dreds or thousands of years required for conventional

steels. Thus, FIRD alloys must not contain molybde-
num or other alloying elements which produce long-
lived radioactive isotopes when used in nuclear fusion
applications.

The need for both strength and toughness is also
important for nuclear fission and non-nuclear, elevated-
temperature structural heat-resisting steel applications.
A low DBTT is required because steels can become
embrittled by an increase in the DBTT after prolonged
exposure to elevated temperatures. Therefore, low-
chromium steels having high strength and toughness

will have many non-nuclear applications, such as in

power generation systems or chemical reaction vessels,
where the 2.25Cr-1Mo ferritic steel is used extensively.

Three commercial Cr-Mo steels presently available
for non-nuclear applications are 2.25Cr-IMo (Fe-

2.259Cr-1%M0-0.1%C), 9Cr-1MoVNb (Fe-9%Cr-

19%M0-0.25%V-0.07%Nb-0.19%C), and 12 Cr-1IMoVW

(Fe- 129%Cr-1%Mo0-0.25%V-0.5%W-0.5%Ni-0.2%C)

wherein all concentrations are in weight percent. The
molybdenum, niobium, and nickel content keep these -
commercial steels from being FIRD steels for nuclear
fusion applications. The 9Cr-IMoVNb and 12Cr-
IMoVW steels have better elevated temperature
strength and oxidation resistance than 2.25Cr-1Mo
steel. However, the relatively high concentration of
chromium in these steels is not desirable, particularly
for fusion reactor apphcatlons, due to their relatwely
poor wcldabmty Also, since chromium is expensive
and a strategic element of uncertain supply, steels re-
quiring less chromium would naturally be desirable.
Cr-W steels have been considered for making struc-

tural components of fusion reactors, including the fol-

lowing alloys: 2.25Cr-2W; 2.25Cr-2WV; 2.25Cr-1WV;
2.25CrV; 9Cr-2WVTa; and 12Cr-2WV. Properties of
these steel alloys are discussed in “Impact Behavior of

Cr-W Steels”, by R. L. Klueh and W. R. Corwin, J.

Materials Engineering, Vol. 11, No. 2 (1989); and “Heat
Treatment Behavior and Tensile Properties of Cr-W
Steels”, by R. L. Kleuh, Metallurigcal Transactions A,
Vol. 20A, March 1989. The 9Cr-2WVTa described
therein had the best combination of strength and tough-
ness. The 2.25Cr-2WYV steel had the best strength, but
toughness was poor, thus making it unsuitable for fusion
applications. It was concluded that the reason for the
high DBTT for the 2.25Cr-2WV involved the low
hardenability of the steel, which leads to the steel hav-
ing a duplex structure of bainite and polygonal ferrite
after normalization as 15.9 mm thick plate, compared to
the 2.25Cr-2W, which was 100% bainite and has a

lower DBTT. However, even when the 2.25Cr-2WV
was heat treated to produce 100% bainite by cooling

thin sections, it still did not exhibit the good toughness
of the 2.25Cr-2W and 9Cr-2WVTa steels. The 2.25Cr-

2W steel was determined to be less attractive because of
its low strength.

SUMMARY OF THE INVENTION.

One object of the present invention is to provide a
low-chromium ferritic steel with strength similar to or
better than the 2.25Cr-2WYV steel and the commercial
9Cr-IMOVNDb and 12Cr-IMoVW steels, but with
toughness as good as or better than that of the 2.25Cr-
2W, 9Cr-2WVTa, 9Cr-1IMoVNDb and lZCr-lMoVW
steels.
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Another object of the present invention is to provide
a fernitic steel alloy having a low DBTT and high USE
with minimal (or perhaps without) tempering, thus al-
lowing for high strength and toughness with minimum

heat treatment or in the as-welded condition.
These and other objects are met by providing a fer-

ritic steel alloy which includes by weight 2.75-4. 0Cr,
2-3.5W, 0.10-0.30V, and 0.10-0.15C, with the remain-
der being substantially Fe, wherein the alloy is heated to
an austenitizing temperature, and then cooled to a bai-
nite transformation temperature regime at a rate suffi-
cient to produce carbide-free acicular bainite.

The addition of minor amounts of Ti, Ta, Si, and B
can be accommodated in the alloy and remain a FIRD
steel. For non-nuclear fusion application, minor
amounts of Mo, N, and Ni can be tolerated and some
combinations will be used for both apphcatmns

Another aspect of the present invention is to provide
a method for making a ferritic steel alloy which includes
melting and casting a composition which includes by
weight percent 2.75-4.0Cr, 2.0-3.5W, 0.10-0.30V,
0.10-0.15C, with the remainder being substantially Fe,
heating the cast composition or wrought/processed
material with same composition to an austenitizing tem-
perature, and cooling the heated composition to a bai-
nite transformation temperature regime at a rate suffi-
cient to produce carbide-free acicular bainite.

Other objects, advantages and salient features of the
invention will become apparent from the following
detailed description, which, taken in conjunction with
the annexed drawings, discloses preferred embodlments
of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1(a) and 1(b) are photomicrographs of the

bainitic microstructures of normalized-and-tempered
2.25Cr-2W and 2.25Cr-2WYV alloys, respectively:

FIGS. 2(a) and 2(b) schematically illustrate an iso-
thermal transformation diagram and a continuous cool-
ing transformation diagram, respectively, for low-car-
bon alloy steels;

FIGS. 3(a) and 3(b) are photomicrographs of normal-
ized 2.25Cr-2WYV steel after a slow cool and a fast cool,
respectively, from 1050° C.;

FIGS. 4(a) and 4(b) are photomxcrographs of bainitic
microstructures of normalized 2.25Cr-2WYV steel after a
slow cool and a fast cool, respectively, from 1050° C.;

FIGS. 3(a) and 5(b) are photomicrographs of the
bainitic microstructures of normalized 3Cr-2W and
3Cr-3W steels, respectively; and

FIGS. 6(a) and 6(b) are photomicrographs of the
bainitic microstructure of normalized 3Cr-2WV and
3Cr-3WYV steels, respectively; and

FIGS. 7, 8, and 9 are bar graphs comparing mechani-
cal properties of the steels of the present invention with
commercial Cr-Mo steels.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Although optical microscopy of the 2.25Cr-2W and
2.25Cr-2WYV indicated tempered bainite microstruc-
tures, more subtle differences became apparent from
transmission electron microscopy (TEM) Elongated
precipitates and substructure appeared in the 2.25Cr-
2W steel, as shown in FIG. 1(a), giving evidence of a
lath-like microstructure before tempering. Precipitates
- 1n 2.25Cr-2WV were globular and formed in patches in
a more equiaxed substructure, as shown in FIG. 1(b).

10
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These differences are likely caused by the different
kinds of bainite (termed carbide-free acicular bainite
and granular bainite) that form when these steels are
normalized (a steel is “normalized” by first austenitizing
and then air cooling). This difference is associated with
hardenability and how rapidly the steels are cooled
from the austenitizing temperature.

Bainite forms in the range of about 250 to 500° C. and
is generally defined as a microstructure that contains
carbides in a ferrite matrix that contains a high disloca-
tion density. Bainite was originally thought to consist of
only two morphological variations, upper and lower
bainite, which were defined according to the tempera-
ture of formation. Classical upper and lower bainite can
be differentiated by the appearance of the carbide parti-
cles relative to the axis of the bainitic ferrite plate or

needle. Upper bainite forms as a collection of ferrite

plates or laths with carbide particles parallel to the
plates. Lower bainite consists of plates or needles with
carbides forming within the ferrite at about a 60° angle
to the axis of the plate or needle. Morphological varia-
tions have been found that differ from upper and lower
bainite, aithough they form in the bainite transformation
temperature regime. Such bainites were found to form
more eastly during continuous cooling than during an
1sothermal transformation, where classical balmtes are
generally formed. |

Classical upper and lower bainite mlcrostructures
form when isothermally transformed in different tem-
perature regimes of the bainite transformation tempera-
ture region as defined on an isothermal transformation

(IT) diagram. This means that the bainite transforma-

- tion region of an IT diagram can be divided into two

35

45

30

35
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temperature regimes, as shown in FIG. 2(a).

For nonclassical bainites, it has been shown that a
continuous cooling transformation (CCT) diagram
could be divided into three vertical cooling rate re-
gimes, as shown in FIG. 2(4). Different nonclassical
bainite microstructures form when cooling rates are
such as to pass through these zones. A steel cooled
rapidly enough to pass through zone I produces a car-
bide-free acicular structure which consists of side-by-
side plates or laths. When cooled through zone II a
carbide-free massive or granular structure results, gen-
erally called granular bainite. Granular bainite consists

of a ferrite matrix with a high dislocation density that

contains martensite-austenite (M-A) “islands”.

To demonstrate the effect of cooling rate on micro-
structure, pieces of standard-size and }-size Charpy
specimens of 2.25Cr-2W and 2.25Cr-2WV were nor-
malized by heating in a helium atmosphere in a tube
furnace and then pulled into the cold zone. To speed the
cooling of the small spcc:men, it was cooled in flowing
helium. The large specimen was cooled in static helium
to further slow the cooling relative to the small speci-
men. Optical metallography indicated specimens were
100% bainite after the fast and the slow cools, although
there were differences in appearance as seen for 2.25Cr-
2WYV in FIGS. 3(a) and 3(b). FIG. 3(a) shows a slow
cool from 1050° C., while FIG. 3b) shows a fast cool
from the same temperature. The specimen given the
faster cooling rate exhibits a more acicular structure.

Microstructures observed by TEM on the 2.25Cr-
2WYV slow cooled and fast cooled from 1050° C. are
shown in FIGS. 4(a) and 4(b), respectively. The slowly
cooled specimen is characteristic of granular baini-
te—the dark areas are M-A islands. Micrographs of the
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specimens cooled rapidly are characteristic of carblde-
free acicular bainite.

Based on the above dlscussmn the difference in mi-
crostructures seen in FIGS. 1(a) and 1(b) indicate that

the 2.25Cr-2W contained carbide-free acicular bainite -

and 2.25Cr-2WV contained granular bainite. As dis-
cussed below, observations on the effect of tempering
on toughness further enhanced that view.
Tempering at 750° C. significantly improved the
. DBTT of the 2.25Cr-2WV alloy over the value ob-
tained by tempering at 700° C. and the DBTT of the
2.25Cr-2W was little changed from the value obtained
at 700° C. by tempering at 750° C. Previous work de-
scribed in “Microstructure and Mechanical Properties
of a 3Cr-1.5Mo Steel”, By R. L. Klueh and A. M. Nas-
reldin, Metallurgical Transactions A (vol. 18a, July 1987)

on a Cr-Mo steel indicated that for carbide-free acicular

bainite, a high toughness (high USE and low DBTT)
was achieved after tempering at a lower temperature or
for a shorter time than for granular bainite. This re-
sulted in a higher strength and toughness for the acicu-
lar bainite. Also, once these properties were reached for
the acicular bainite, further tempering had little addi-

tional effect on toughness. This explains the difference

in the effect of tempering on the DBTT of the 2.25Cr-
2W (carbide-free acicular) and 2.25Cr-2WV (granular
bainite).

These results indicate that differences between the
impact behavior of 2.25Cr-2WV and 2.25Cr-2W also
involved differences in microstructure. The 2.25Cr-
2WYV was austenitized at 1050° C. and the 2.25Cr-2W at
900° C. The higher temperature was necessary for the
vanadmm-contmmng steel to ensure that all vanadium

carbide dissolved in solid solution during austenitiza-

tion. This hlgher austenitizing temperature was con-
cluded to result in a longer cooling time to reach the

bainite transformation temperature regime, which re-

sults in granular bainite for thin sections and granular

10

6
was compared to a second group containing 2.25Cr and
small amounts of titanium, tantalum and boron.

Alloys containing Fe, Cr, W, V, and C were prepared
by melting, casting and fabricating the alloys into test

samples. The nominal composition of the major alloy-

ing elements and alloy designations are given in Table 1.

The specimens were prepared by forming a sample
from the alloy, and normalizing and tempering. The
speciﬂ:nens were normalized by austenitizing the speci-

" men in a helium atmcspherc for 0.5 hr. at 1050° C. for

~ steels containing vanadium and 0.5 hr. at 900° C. for

15
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bainite and polygonal ferrite for thicker sections of 4,

2.25-Cr2WV.,

The present invention avoids the formation of granu-
lar bainite by increasing the hardenability of the steel
thus enhancing the possibility of cooling the alloy from

an austenitizing temperature through zone I of the CCT 45

diagram to ensure formation of carbide-free acicular
bainite. An improved hardenability coincides with the
movement of the ferrite and bainite transformation
curves to longer times as represented by a CCT diagram
such as FIG. 2(5). In other words, by mcmasmg the
hardenability of the steel, the transformation regions of
FIG. 2(b) will all shift to the right, thus allowing for a

30

slower cooling rate for the steel to be cooled through

zone I to form carbide-free acicular bainite.
Hardenability is increased according to the present
invention by alloying within specific ranges with cer-
tain elements. Carbon is known to have a large effect on
hardenability, but it can adversely affect the weldabil-
ity. Thus, the carbon level should be kept in the range of

33

0.10 to 0.15 weight percent. Instead, further additions of 60

chromium and tungsten were made to the 2.25Cr-2W
and 2.25Cr-2WV compositions to improve the harden-
ability.

EXAMPLE I

Several alloy 'cbmpositions, according to the present
invention, having 3Cr are listed in Table 1. This group
of alloys contained 3% Cr and either 2 or 3% W, and

65

those without vanadium. The higher temperature was

required for the steels containing vanadium to ensure all
the vanadium carbide dissolves ‘during austenitization.
The specimens were annealed in a tube furnace and then
rapidly cooled by pulling them from the furnace into a
helium atmosphere chamber attached to the furnace.
Specimens were then tempered by heating for 1 hr. at
700° C. and for 1 hr. at 750° C.

| - TABLE 1 |

NOMINAL COMPOSITION OF MAJOR ELEMENTS FOR

_ | STEELS - - |
Alloy Nominal chemical mmmﬂuu', wt % _
Designation Cr W V Ti Ta C B
2.25Cr—2WTi 225 20 002 0.1
2.25Cr—2WVTi 225 20 025 0.02 0.1 -
2.25Cr—2WVTa 225 20 025 007 0.1 0.005
2.25Cr—2WVB 225 20 025 0.1 0.005
2.25Cr—2WVTaB 225 20 0.25 007 0.1
3Cr—2W 30 2.0 0.1
3Cr—3W 30 3.0 0.1
3Cr—2wV 30 20 025 0.1
3Cr—3wV 3.0 30 025 0.1
*Balance iron |

Each specimen was tested for yield stress (YS) and

ultimate tensile strength (UTS), andelongation (El).

Tensile and Charpy impact specimens were machined
from small button heats of the alloys. The sheet tensile
specimens with a reduced gage section 7.62 mm long by
1.52 mm wide by 0.76 mm thick were tested. Miniature
Charpy specimens essentially one third the standard size
were used measuring 3.3 mm by 3.3 mm wide by 25.4
mm with a 0.51 mm deep 30° V-notch having a 0.05 to
0.08 mm root radius. DBTT and USE values were ob-
tained for each specimen. Although different DBTT

and USE values apply for standard Charpy specimens,

2 DBTT and USE value for the miniature specimens
translates to a comparable value for a standard speci-
men (10 mm by 10 mm by 55 mm).

Tensile and impact properties are gvcn in Tables 2
and 3, respectively. Properties are given after 700° C.
and 750° C. tempering treatments. Room temperature
strengths are given in Table 2 and they indicate that the
3Cr-2W and 3Cr-3W steels have strengths comparable
to those of 2.25Cr-2W. The strength of 3Cr-2WV is

‘somewhat less than that of 2.25Cr-2WV, but the

strength of the 3Cr-3WV is similar to that of 2.25Cr-
2WV,

The data of Table 3 demonstrate that increasing the
chromium content from 2.25wt % to 3.0wt % caused
significant improvements in the impact properties of the
steel. Of special interest is the fact that the 3% Cr steels
have exceedingly low DBTT values after tempering at
700° C., indicating that increasing the hardenability has
improved toughness.
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TABLE 2
ROOM TEMPERATURE TENSILE DATA

Tempered at 700° C. _ Tempered at 750° C.

Alloy YS UTS El YS UTS El
Designation (MPa) (MPa) (%) MPa2) (MPa) (%)
2.25Cr—2W 594 677 9.5 554 626 13.2
2.25Cr—2WV 889 978 1.5 684 758 9.8
3Cr—2W 592 709 10.2 520 642 114
3Cr—3W 606 730 99 505 656 11.8
3Cr—2WV 781 865 7.8 590 689 9.4
3Cr—3IWV B68 953 7.8 604 710 8.8
2.25Cr—2WTi 552 644 113 494 597 12.5
2.23Cr—2WVTi 787 864 1.9 352 644 10.0
2.25Cr—2WVTa 908 979 7.9 621 716 10.6
2.25Cr—2WVB 804 889 8.6 598 691 10.7
2.25Cr—2WVTaB 876 951 7.6 664 739 9.6
HEAT TREATMENTS

The 2.25Cr—2W, 3Cr—2W, and 3Cr—-3W were austenitized 0.5 hr. at
900° C. All other steels were austenitized 0.5 hr. at 1050° C.

TABLE 3
CHARPY IMPACT DATA

Tempered at 700° C. Tempered at 750" C.
Alloy USE : USE
Designation DBTT (°C.) (J)  DBTT(C) )
2.25Cr—2W —56 11.5 —-77 10.1
2.25Cr—2WV 10 8.4 —-78 12.7
3Cr—2W —126 11.6 -~115 12.2
3Cr—3W —65 11.0 -85 13.1
3Cr—2WV - 36 8.9 —85 14.7
3ICr—3WV —70 10.7 —130 13.5
2.25Cr—2WTi —74 10.9 —68 10.5
2.25Cr—2WVTi ~50 10.8 —70 10.6
2.25Cr—2WVTa -10 9.2 — 65 13.6
2.25Cr—2WVB 21 8.1 — 90 11.5
2.25Cr-—-2WVTsaB —30 7.7 —78 11.7
HEAT TREATMENTS

The 2.25Cr—2W, 3Cr—2W, and 3Cr—~3W were austenitized 0.5 hr. at
900° C. All other steels were austenitized 0.5 hr. at 1050° C.

The data further show a higher DBTT for the 3Cr-
3W steel relative to the 3Cr-2W steel, even though the
3Cr-3W has a higher hardenability. The reason for this
behavior is that the 3Cr-2W steel was mostly acicular
bainite as seen when the microstructure of the 3Cr-2W
steel was examined by TEM as shown in FIG. 5{a). The
3Cr-3W steel when normalized showed a significant
amount of coarse precipitate as evidenced by the TEM
of F1G. 5(b). It 1s believed the additional tungsten in the
absence of vanadium induces the formation of the pre-
cipitate, which inhibits the formation of the acicular
bainite and results in lower toughness. When the 3Cr-
2WV and 3Cr-3WV specimens were examined by
TEM, carbide-free acicular microstructures were ob-
served, as shown in FIGS. 6(a) and 6(b), respectively.
For these steels, the hardenability of the 3Cr-3WV is
better than the 3Cr-2WV and exhibits improved tough-
ness.

A significant result of this example shows that the
3Cr steels all had low DBTT after tempering at 700° C.
Based on these observations, it should be possible to use
still lower tempering temperatures and still have ade-
quate toughness. Furthermore, the relatively minor
effect of tempering on toughness means that it may be
possible to use the steel in the untempered condition for
some applications. Use of a lower tempering tempera-
- ture or no tempering thus produces a steel having signif-
icantly higher strength with acceptable toughness.

Tests were performed on 2.25Cr steels with small
additions of titanium, tantalum, and boron, with the
results reported in Tables 2 and 3. The 0.07% Ta led to
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a slight increase in strength, whereas the 0.02% Ti re-
sulted in some improvement in the toughness. The com-
bined additions of tantalum and boron resulted in good
strength and toughness, indicating that this combination
of elements would also improve the properties of 3Cr
steels that had an acicular bainite microstructure.

The strength of the 3Cr-3WYV steel approaches that
of the 2.25Cr-2WYV steel, and it therefore has strength
comparable to the strength of 9Cr-1MoVNb and 12Cr-
IMoVW steels. |

EXAMPLEIl

In this example, the room-temperature strength and
low-temperature toughness of the novel steels are com-
pared with the strength and toughness of high and low
chromium steels containing molybdenum. The speci-
mens were prepared as in Example I by melting the
alloy and preparing test samples. The nominal composi-
tion of the alloying elements and alloy designation are
shown in Table 4.

The specimens were prepared by forming a sample

from the alloy, normalizing and tempering. The 2.25Cr-

1Mo steel was austenitized at 900° C. for 0.5 hr. The
other steels were austenitized at 1050° C. for 0.5 hr. The
steels were then tempered for 1 hr. at 700° C. and 750°
C. Test samples were also prepared by tempering the
9Cr-1MoVNbD steel for 1 hr. at 760° C. and the 12Cr-
IMoVW steel for 1 hr. at 780° C., since these temper-
ings represent typical tempering conditions used to
produce a steel having sufficient toughness for these
Cr-Mo steels for most applications.

TABLE 4 _
NOMINAL COMPOSITION OF MAJOR ELEMENTS FOR
__STEELS
Alloy Nominal chemical composition®, wt %
Designation Cr WV Mo C Nb Ni
2.25Cr—1Mo 2.25 10 0.l
9Cr—IMoVNb 9.0 025 10 01 07
12Cr—IMoVW 120 05 025 10 02 0.5
3ICr—2WV 3.0 2.0 0.25 0.1 -
3ICr—3wWV 3.0 3.0 0.25 0.1
*Balance iron
The yield stress, ultimate tensile strength, DBTT and

USE were determined for each sample according to the
process as in Example 1. The 2.25Cr-1Mo, 3Cr-2WV
and 3Cr-3WYV steels were found to have a tempered
bainitic microstructure. The 9Cr-IMoVNb and 12Cr-
IMoVW steels were found to have tempered martens-
itic microstructures. The yield stress, ultimate tensile
strength, ductile brittle transition temperature and up-
per-shelf energy are presented in Tables 5 and 6. For
comparative purposes, the data are presented in a bar

graph of FIGS. 7, 8, and 9.

The data for the 2.25Cr-1Mo steel show it to have
good toughness, as determined by the low ductile-brit-
tle transition temperature (DBTT) and high upper-shelf

‘energy (USE) as shown in Table 6. However, as seen in

Table 5, the yield stress (YS) and ultimate tensile
strength (UTS) of 2.25Cr-1Mo steel after tempering at
700° C. is low in comparison to the two Cr-W steels and
Just comparable to that for the 9Cr-1MoVNb and 12Cr-
1MoV steels after they are tempered at 750° C.

The data presented in Table 5 indicate that the YS
and UTS for the 9Cr-1MoVNDb and 12Cr-1MoVW
steels are comparable (approximately 5%-7% greater)
to the 3Cr-2WV and 3Cr-3WYV steels after the steels
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were normalized 0.5 hr. at 1050° C. and tempered 1 hr
at 750° C.

TABLE 5

COMPARISON OF ROOM TEMPERATURE TENSILE
DATA FOR FIRD STEELS AND CONVENTIONAL Cr—Mo
STEELS

 Heat Trutment'"

3

10

15

Tempered at 700° C. _ Tempered at 750° C.
Alloy YS UTS E YS UTS El
Designation (MPs) (MPa) (%) (MPa) (MPa) (%)
9Cr—IMoVNb 636 804 78
12Cr—1MoVW | 650 792 104
2.25Cr—1Mo 645 834 9.6 | -
3Cr—2wWV 781 865 78 590 689 9.4
3Cr—3wWV 868 953 78 604 710 88
Standard Tem
9Cr—IMoVNb 541 656 9.6
12Cr—1MoVW 549 716 99

hr. at 900° C.Aﬂotherﬂechwmnmn:ndOShr ulOﬁD’C.Tmpumgw
1 hr. at 700° C. and 1 kr. at 750° C.

#Standard Tempers: 9Cr—IMoVND 1 hr. at 760" C.; 12Cr—IMoVW 2.5 hr. at 780°
C. | | |

TABLE 6

COMPARISON OF CHARPY IMPACT DATA FOR FIRD
__STEELS AND CONVENTIONAL Cr—Mo STEELSY

'Heat Treatment®

Tempered at -

10

‘adequate toughness and still provide higher strength,
while the Cr-Mo steels can not.

The DBTT behavior for the 3Cr-2WV, 3Cr-3WV,
9Cr-1IMoVND and 12Cr-1MoV W steels after tempering
at 700° C. and 750° C. and the 9Cr-1IMoVND and 12Cr-
IMoVW steels after tempering at the standard tempera-

ture are shown in the graph of FIG. 8. As shown, the

DBTT of the 3Cr-2WYV and 3Cr-3WYV steels after tem-
pering at 700° C. are comparable to the DBTT of the
9Cr-IMOVND and 12Cr-1IMoVW after the standard
temper. When the 9Cr-1MoVNDb and 12Cr-1IMoVW are
tempered at 700° C., the DBTT is above 0° C.

- In FIG. 9, the USE of the 3Cr-2WYV and 3Cr-3WV
steels after tempering at 700° C. and 750° C. and the
9Cr-1IMoVND and 12Cr-1IMoVW steels after the stan-
dard temper are shown. As shown, the 3Cr-2WV and

- 3Cr-3WV steels after 700° C. and 750° C. have the

2

highest values and when tempered at 700° C. also have
a better USE than the 9Cr-IMoVND and 12Cr-1MoVW
steels after the standard temper.

Tables 5 and 6 also give data for the 9Cr-lMoVNb

and 12Cr-1MoVW steels after standard tempering treat-

- ments. When the 9Cr-IMoVNb and 12Cr-1MoVW

25

@ 30

steels in these standard heat-treatment conditions are
compared with the 3Cr-2WV and 3Cr-3WYV steels, the
toughness of the 3Cr-2WV and 3Cr-3WYV steels after a
700° C. temper still have comparable DBTT and USE
values to those of the 9Cr-1IMoVND and 12Cr-1IMoVW
steels. This standard heat treatment results in a reduced

strength of the 9Cr-1MoVND and 12Cr-IMoVW steels,

as shown in Table 5, such that the strengths of the Cr-W
steels after tempering a 700° C. far exceed those for the

- Cr-Mo steds. The 3Cr-2WV and 3Cr-3WV steels also

Tempered at Standard
700° C. _75%0°C. . Temper |

Alloy DBTT USE DBTT USE DBTT USE
Designation C)y & (*C) @ ¢C)
9Cr—IMoVNL 22 79 -—-22 87 -57 88
12Cr-~1MoVW 2 5.2 -~ 36 6.5 —46 6.0
2.25Cr—1Mo  —107 10.7 ..

3Cr—2WV —36 8.9 —85 147

3Cr—3IWV - 70 10.7 ~—130 -13.5

One-third size Charpy specimens were tested. |
SAll steels were normalized and tempered. The 2.25Cr—1Mo was austenitized 0.5

hr. at 900° C. Aﬂuthcrmlswmlum:muzedﬂsm at 1050* C. Tempermgw:s
1 hr. at 700° C. and 1 hr. at 750° C.

‘Standard Tempers: 9Cr—1MoVND 1 hr. at 760° C.; 12Cr—I1MoVW 2.5 hr. at 780°
C. | |

The yield stress (YS) behavior of the 3Cr-2WV and

35

40

3Cr-3WV after tempering at 700° C. and 750° C. is

compared with the yield stress of the 9Cr-1MoVND and
12Cr-1MoVW after the standard tempering for 1 hr. at
760° C. and 2.5 hrs. at 780° C., respectively as presented
in the graph in FIG. 7. These standard tempering treat-

ments are required for these steels to give them ade-

quate toughness. As shOwn, the strength of the 3Cr-
2WV and 3Cr-3WYV steels is comparable to the 9Cr-
1IMoVND and 12Cr-IMoVW steels when all four steels
were tempered at 750° C. The 3Cr-2WYV and 3Cr-3WV
steels had a significantly higher strength when tem-
pered at 700° C. than the molybdenum containing steels
when tempered at 750° C. or the standard tempering
conditions.

Although the strength of the 9Cr-1IMoVNb and
12Cr-1IMoVW steels after tempering at 750° C. is

slightly greater than that of the 3Cr-2WV and 3Cr-

3IWYV steels, the Cha:py impact behavior of the two
Cr-W steels is superior to that of the Cr-Mo steels after
tempering at both 700° C. and 750° C. as shown in Table
6 and FIGS. 8 and 9. Furthermore, the DBTT and USE

of the two Cr-W steels after tempering at 700° C. are

superior to those of the Cr-Mo steels tempered at 750°
C. Thus, the strength of the 3Cr-2WV and 3Cr-3WV
steels will be far superior to that of the Cr-Mo steels.
This indicates that the 3Cr-2WV and 3Cr3WYV steels
~ can be tempered even less (or not at all) to provide

45

35

65

have superior strength properties after being tempered
at 750° C. when compared to the Cr-Mo steels after the
standard temper.

EXAMPLE III

In this example, the thh-temperature strength and
ductility of the new steel is compared with that of the
commercial high-chromium Cr-Mo steels (these steels
have 25-35% higher elcvated-temperature strengths
than 2.25Cr-1Mo, and thus, no data are given for the

latter steel). The comparison is shown in Table 7 for

tensile tests at 600° C.

Data are shown for the 2.25Cr-2WV, 3Cr-2WV, and
3Cr-3WYV steels tempered at 700° C. and 750° C. and for
the 9Cr-1MoVND and 12Cr-IMoVW steels tempered at
750° C. The 3Cr-3WYV steel has properties better than
those of the 2.25Cr-2WYV after the 700° C. temper, and |
the properties of both the 3Cr-2WV and 3Cr-3WV
steels have comparable strengths and ductilites to the
9Cr-IMoVND and 12Cr-1MoVW steels when all of the
steels are tempered at 750° C. As discussed above, the
two Cr-W steels can be used after a temper of 700° C.,
while the two Cr-Mo steels will have to be given a
standard temper. This will give the two Cr-W steels a
still larger advantage. Elcvated-tcmperature strength is

indicative of creep strength, which is an lmportant

property for these steels.

In summary, for the 3Cr-2WV and 3Cr-3WV steels to
attain similar or better toughness than the 9Cr-
IMoVND and 12Cr-1iMoVW steels, the 3Cr-2VW and
3Cr-3WV do not have to be tempered as severely as the
two high-strength Cr-Mo steels. Even with much less
tempering, the toughness of the 3Cr-2WV and 3Cr-
3WYV steels approaches that of 9Cr-IMoVND and 12Cr-
IMoVW steels in their standard temper conditions.
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In the examples described above, various processing-
fabrication methods such as casting can be used to form
a body of the specified composition. Moreover, the
composition may include trace amounts of other ele-
ments and/or may include minor amounts of elements 5
normally added to steel melts, such as Si and Mn, to
achieve certain desirable properties. Strict composi-
tional levels are required for FIRD nuclear fusion appli-
cations, but minor or trace levels of various elements
can be tolerated or added for non-nuclear applications. 10

TABLE 7

COMPARISON OF TENSILE DATA AT 6(!] C. FOR
FIRD STEELS AND CONVENTIONAL Cr—Mo STEELS

15
H_aat Treatmentd - |
Tempered at 700° C. Tem at 750° C.
Alloy YS UTS El YS UTS El
Pesignation (MPs) (MPa) (%) (MPa) (MPa) (%)
2.25Cr=-2WV 697 750 53 539 589 5.3 20
3Cr-2WV 638 701 5.1 488 566 65 °
3Cr—-3WV 706 781 5.0 498 590 6.3
5Cr—1MoVNb 517 563 54
12Cr—1MoVW 506 559 5.7

“All steels were normalized and tempered. They were austenitized 0.5 hr. at 1050°
C. and tempered 1 hr. at 700° C. and 1 hr. at 750° C.

25

While these has been shown and described what is at
present considered the preferred embodiment of the
invention, it will be obvious to those skilled in the art
that various changes and modifications may be made
therein without departing from the scope of the inven-
tion as defined by the appended claims.

What is claimed is:

1. A high strength, high toughness bainitic/ferritic
steel alloy comprising about 2.75% to 4.0% chromium,
about 2.0% to 3.5% tungsten, about 0.10% to 0.30%
vanadium, and about 0.1% to 0.15% carbon with the
balance iron, wherein the percentages are by total
weight of the composition, wherein the alloy having
been heated to an austenitizing temperature and then
cooled at a rate sufficient to produce carbide-free acicu-
lar bainite.

2. The steel alloy according to claim 1, further com-
prising about 0.003% to 0.009% boron.

3. The steel alloy according to claim 1, further com-
prising about 0.05% to 0.15% tantalum.

4. The steel alloy according to claim 1, further com-
prising up to about 0.2% titanium.

3. The steel alloy according to claim 1, further com-
prising a minor alloying element selected from the
group consisting of boron, tantalum, titanium, niobium,
molybdenum, silicon, nitrogen and copper, and ranging
in amounts from 0.02 to 0.09%.

6. The steel alloy according to claim 1, comprising
3%Cr, 3%W 0.25%V, and 0.1%C.

7. A method of producing a high strength, high
toughness ferritic steel composition comprising the

steps of:
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forming a body of a ferritic steel composition com-
prising 2.75wt % to 4.0wt % chromium, 2.0wt %
to 3.5wt % tungsten, 0.10wt % to 0.30wt % vana-
dium, and 0.1 wt % to 0.15wt % carbon with the
balance iron;

heating the body to an austenitizing temperature for a

predetermined length of time; and

cooling the body at a rate sufficient to produce car-

bide-free acicular bainite. |

8. The method of claim 7, wherein said austenitizing
temperature is at least 1050° C. and said austenitizing
time is at least 0.5 hour.

9. The method of claim 8, said heating step further
comprises heating the body in a medium selected from
the group consisting of air, vacuum, and an inert atmo-
sphere such as helium.

10. The method of claim 7, wherein said heating step
further comprises air cooling said body after heating.

11. The method of claim 7 wherein said cooling step
comprises quenching said body in a liquid after heating.

12. The method of claim 7, wherein said austenitizing
step further comprises cooling said composition in vari-
ous heat-treating atmospheres.

~13. The method of claim 7, further comprising the
step of tempering said body after cooling.

14. The method of claim 7, further comprising tem-
pering said body after cooling at a temperature of less
than or equal to 700° C. for not more than about 1 hour.

15. The method of claim 7, wherein the composition
includes 3%Cr, 3%W, 0.25%V, and 0.19%C.

16. The method of claim 7, further compnsmg a
minor alloy element selected from the group consisting
of boron, tantalum, titanium, niobium, molybdenum,
silicon, nitrogen and copper, and ranging in amounts
from 0.02 to 0.09%.

17. A method of producing a high strength, high
toughness ferritic steel alloy comprising the steps of:

forming a body of a ferritic steel composition com-

prising 2.75wt % to 4.0wt % chromium, 2.0 wt %
to 3.5wt % tungsten, 0.10wt % to 0.30wt % vana-
~dium, 0.1 wt % to 0.15wt % carbon, 0.003wt % to
0.009wt % boron, 0.05wt % to 0.15wt % tantalum
and 0.0 to 0.2wt % titanium, 0-0.5wt % Mo,
0.2-0.5wt % Si, 0-0.5wt % Mn, 0.0-0.03wt % N,
0.05-0.25wt % Nb, 30 and 0-0.25wt % Cu;
heating said composition to an austenitizinq tempera-
ture; and

cooling said composition at a rate to form a carbide-

free acicular bainite microstructure; an

tempering said composition at a temperature of not

more than about 700° C. for not more than 1 hour.

18. The method of claim 17, wherein said cooling step
comprises air cooling said composition.

19. The method of claim 17, wherein said cooling step
comprises quenching said composition.

20. A high-strength, high-toughness ferritic steel arti-

cle made according to the method of claim 17.
2 % & ¥ *»
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